The aim of this study was to assess the influence of low frequency noise (LFN) at levels normally occurring in the industrial control rooms on human mental performance (attention, visual perception and logical reasoning) and subjective well-being.
(e.g. in industrial control rooms, office-like area etc.). Ventilation systems, pumps, compressors, diesel engines, gas turbine power stations, means of transport, etc., may be quoted as some examples of common sources of LFN. Its prevalence in offices and control rooms is mainly due to indoor network installations, ventilation, heating and air conditioning systems as well as from outdoor sources of noise and poor attenuation of low frequency components by the walls, floors and ceilings 1, 5 . However, LFN effects are less well recognised compared to the effects of noise at higher frequencies and the specific regulations on the hygienic control in the occupational environment are unsatisfactory.
Annoyance seems to be the primary and the most frequent effect of LFN exposure. However, differences in responses seem to exist between exposure to low and higher frequency noises. The annoyance experienced from LFN is higher than from noise without dominant low frequency components. It is frequently suffered at relatively low sound pressure levels and subjects sensitive to this type of noise (LFN) were not necessarily sensitive to noise in general 1, 2 . Furthermore, some symptoms related to LFN annoyance, especially fatigue, concentration problems, headache and irritation could reduce working capacity 6, 7, 8 .
Over the years, a great deal of research has been carried out to evaluate adverse effects on performance from different kind of noises, but most of them have been based on noise at rather high levels. Considerably fewer studies were concerned with noise at moderate levels, including moderate levels of low frequency noise. Moreover, their results are rather inconsistent, probably due to considerable differences in individual sensitivity to noise 9, 10 .
All in all, a few previous studies indicated that LFN might reduce performance at levels that could occur in the occupational environment 11, 12, 13 . While recent investigations showed that LFN at relatively low A-weighted sound pressure levels (about 40-45 dB) could be perceived as annoying and adversely affecting the performance, particularly when more demanding tasks were executed. Moreover, persons classified as sensitive to LFN may be at the highest risk 14, 15, 16 . Thus, LFN could possibly influence the working capacity of personnel in control rooms and offices, particularly when the job involves an element of considerable unpredictability, or requires selective attention and/or processing a high load of information.
The aim of the study was to investigate the influence of LFN on human mental performance. An attempt was made to answer the following questions:
• Can LFN at levels normally occurring in the industrial control rooms affect attention, visual perception, logical reasoning and subjective well-being? • Does a relationship exist between sensitivity to noise and noise effects?
MATERIAL AND METHODS 2.1 Study Design
Subjects performed a series of standardised psychological tests designed for the assessment of attention, visual perception and logical reasoning (figure 1). Three different acoustic conditions were used in the experiment: a background laboratory noise at about 30 dB(A), LFN, and a reference noise at the same equivalentcontinuous A-weighted sound pressure level (SPL) of approx. 50 dB. Each subject took part in only one test session. Exposure conditions were changed in the following order: background noise, LFN, reference noise, background noise, etc. Subjects were assigned to noise conditions in order of application for the experiment.
After the test session, persons completed questionnaires aimed at: • subjective rating of annoyance and effort put into performing tasks, • symptoms experienced during the tests conditions such as a headache, a feeling of pressure on the eardrum, nausea, dizziness and concentration difficulties, etc., • self-assessment of hearing status, • evaluation of individual sensitivity to noise, • temperament assessment. A 100-score graphical rating scale was used for the annoyance and effort assessment.
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In order to evaluate subjects' sensitivity to noise the Weinstein noise sensitivity evaluation questionnaire 17 , consisting of 21 statements with proposed degrees of agreement (from "do not agree at all" to "agree completely"), graded from 1 to 5, was adopted. The questionnaire had a total of 105 points, the higher the score, the higher the sensitivity to noise. Thus, persons who obtained more than median score were categorised as highly sensitive (high-sensitive) to noise in general (NG+). The others were classified as less sensitive (low-sensitive) (NG−).
The Strelau Temperament Inventory (STI) was applied for temperament assessment 18 . Generally, the STI is an instrument designed to measure broad characteristics of the central nervous system. It consists of six sub-scales: spryness, perseverance, sensory sensitivity, reactivity, resilience and activity.
The local ethics committee approved the study.
Study Population
Subjects of the study comprised 191 non-preselected male volunteers, with an average age 35.3 years (SD = = 13.7), not occupationally exposed to noise (table I) . The majority of them were high school graduates. No persons reported any hearing problems. They were recruited by advertisement and received financial compensation for their participation in the experiment.
Exposure Conditions
The experiment was performed in a special chamber for psychological tests (6,8 m 2 area) furnished as an office environment. The noise was generated from a set of loudspeakers placed in the corners of the room. LFN was of a tonal character with dominant components centred at 1/3-octave bands of 25, 31.5, 80 and 100 Hz (figure 2). The reference noise was a broadband noise without dominant low frequency components of a predominantly flat frequency character. Both noises were of an artificial origin and rather steady-state character. The background noise consisted of noise accompanying computer and air conditioning operation. Noise exposure parameters were monitored during the test session (table II) . Tests I and II involved working with a computer, but tests III and IV -with pen and paper. Before the test session the subjects were informed how to perform the first two tests. Instructions concerning test III and IV took place just before performing them. The subjects were instructed to work as accurately and quickly as possible.
Performance Tasks
The Signal Detection Test is a computerised test applied to measure the ability of visual differentiation. The screen is covered with dots, and then, one after another, they are faded out apparently by pure chance and are substituted by new ones. Subjects are expected to detect cases when four dots represent the shape of square. The main variables include the number of correct and delayed reactions as a measure for reliability of the detection process, and the mean detection time as a measure of the speed of the detection process 19, 20 .
The Stroop Colour-Word Test is a computerised realisation of the Colour-Word interference paradigm by Stroop 19, 21 . It is based on the assumption that the reading speed of a colour-word is slower, if the word is written in a differently coloured font. There is always a delay in naming the colour of this word, if colour and colour-word do not match.
This test is used for registration of the colour-word interference tendency, i.e. impairment of the reading speed or colour recognition due to interfering information. Therefore, it is useful in determining the individual susceptibility to stimulus disturbing mental processes. The test consists of four parts: • the first -in which the names of colours (RED, GREEN, YELLOW or BLUE) are exposed in grey on the screen and subject is expected to push the button corresponding to the name -"reading in the baseline conditions"; • the second -in which colour rectangles are shown and subject is asked to press the button in the same colour -"naming in the baseline conditions"; • the third -in which the names of colours are presented in different colours (e.g. name "GREEN" is written in red, blue or yellow) and subject is expected to push the button corresponding to the name -"reading in the interference conditions"; • the fourth -in which names of colours are shown in similar way as in a preceding part, but person is told to respond to the colour of fonts -"naming in the interference conditions". The main evaluated variables are: • the reading interference, i.e. the difference between the median reaction times of reading in the interference and baseline conditions; • the naming interference, i.e. the difference between the median reaction times of naming in the interference and baseline conditions; 
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Figure 2
Noise exposure conditions during test sessions -results of the frequency analysis.
The Math Reasoning Test (test III) is a sub-test of the General Aptitude Test Battery (GATB) adapted to Polish population 22 . It consists of 25 mathematical tasks and is designed to measure of skills in the four basic arithmetic operations and ability to perform them quickly and accurately. The number of correct and erroneous answers given within a 7-minute period are the main test results.
The Comparing of Names Test (test IV) is a second sub-test of the GATB 22 . It consists of two columns of words (names). Respondent decides whether couples of words (names) in both columns are exactly the same. This test is desired to measure the ability to see pertinent detail in verbal material. Test results are the number of correct and incorrect answers given within a 6 minutes period.
The test session lasted in total about 60 minutes.
Statistical Analysis
The influence of noise exposure and subjective sensitivity on the different performance tests and subjective annoyance ratings were analysed using covariance analysis, ANCOVA.
In the first stage of ANCOVA two main effects, i.e. noise exposure (3 noise conditions) and sensitivity to noise (2 sensitivity sub-groups) were analysed with age, education and temperament features (scores in the STI sub-scales) as covariates. These covariates were introduced to the model to avoid their possible influence on test results and subjective ratings.
In the second stage of ANCOVA, each group performing tasks in different noise conditions was considered separately and only the main effect of sensitivity to noise was analysed, while the covariates were unchanged.
The relationships between subjective annoyance rating and symptoms reported during the test session were analysed using Pearson's correlation coefficient (r). However, the differences in rates of registered sensations and complaints due to various noise conditions were evaluated using the Fisher test.
All statistical tests were done with an assumed significance level p<0.05. The statistical analysis employed SPSS software for Windows (Chicago, IL) and Statistica 5.1 (StatSoft).
RESULTS
Performance Tests
Results from the Signal Detection Test are shown in table III. No significant main effects of exposure conditions and sensitivity to noise on the test results were found. However, in the reference noise case differences related to noise sensitivity were observed (p=0.049). Subjects classified as high-sensitive to noise achieved longer mean detection times compared to low-sensitive (figure 3). Whereas, in the background noise and LFN conditions there were no differences between subjects with different sensitivity to noise.
Results from the Stroop Colour-Word Test are given in table IVa and IVb). There were no differences between the results obtained in various exposure conditions. However, a significant main effect of sensitivity to noise was found in case of the median reaction time of reading in the interference conditions (p=0.023) as well as in case of the reading interference (p<0.001). Regardless of the exposure conditions, subjects classified as high-sensitive to noise had a higher value of reading interference and longer median reaction time compared to the low-sensitives.
During exposure to LFN, there were no differences in the values of the reading interference between subjects with different noise sensitivities (table IVa figure 4 ). Whereas, in the background and reference noises, persons classified as NG+ achieved higher values of the reading interference than NG− (p=0.001, p=0.033). On the other hand, in the case of median reaction time (in the interference conditions) differences related to noise sensitivity were observed only in the background noise conditions (p= =0.005). As can be seen in figure 5, subjects NG+ had longer median reaction time than NG− persons
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Moreover, in the background noise conditions, there were significant differences between subjects categorised as high-and low-sensitive to noise in the number of errors of naming in the baseline as well as in the interference conditions (p=0.031, p=0.041). In both cases subjects NG− made more errors than NG+ (table IVb) Results from the Math Reasoning Test are shown in table V. No influence of exposure conditions, subjective sensitivity to noise and their interaction on test results was found. Similar relations were noted in case of the Comparing of Name Test (table VI) . 
Subjective Ratings
Subjective assessments of annoyance and effort put into performing tasks are given in table VII.
No influence of exposure conditions and sensitivity to noise on effort rating was noted. The significant main effects of both noise exposure (p<0.001) and subjective sensitivity to noise (p<0.001) on annoyance rating were found. Despite the noise sensitivity, the background noise annoyance was the lowest assessed (table VII) . On the other hand, generally subjects categorised as high-sensitive to noise assessed annoyance related to exposure conditions higher than low-sensitives.
There were no significant differences in annoyance ratings of the background noise and reference noise conditions among persons of different noise sensitivity. The annoyance due to LFN was higher rated by subjects high-sensitive to noise than low-sensitive (p=0.001) ( figure 6 ).
Regardless of exposure conditions, a considerable fraction of subjects (from 46.9 to 64.1%) reported no complaints during the test session (table VIII). In the background noise, 57.8% of subjects did not report any sensations, whereas during exposure to LFN and reference noise -only 12.5% and 9.4%, respectively (significant differences between various exposure conditions). Noise present in the room was perceived by nearly all the subjects exposed to reference noise and by over two-thirds of those exposed to LFN. On the other hand, in the background noise conditions, only 17.2% persons perceived the sounds accompanying computer and air conditioning operation.
During exposure to the reference noise, subjects most frequently reported problems with concentration (32.8%). Moreover, this rate of answers was significantly higher in comparison with the other exposure conditions. On the other hand, the LFN subjects most frequently reported fatigue (26.6%) and drowsiness (18.8%), but the complaints were not significantly more frequent than during other noise conditions (table VIII) .
Generally, the annoyance rating on the graphical scale was significantly correlated with the number of reported sensations (r=0.49 p<0.001) and complaints (r=0.36 p<0.001) related to exposure condition during performing the tasks (table IX) .
DISCUSSION
The study was designed to investigate whether exposure to moderate levels of LFN can influence human mental performance and subjective well-being. A further objective was to analyse the relation between sensitivity to noise and LFN effects on Subject's sensitivity to noise was rated on the basis of the score in the Weinstein noise sensitivity evaluation questionnaire 17 . This questionnaire was widely used in other studies 15, 25, 26 . Because people recognised as higher sensitive to noise might demonstrate higher arousal level and are likely to react with larger changes in sympathetic activity in noisy conditions, it was suggested that nervous system features had a mediating role in the effects of noise on mental performance. Therefore, the subjective sensitivity to noise was completed by temperament assessment using the Strelau Temperament Inventory 18 . The psychological tests were carried out in three different acoustic conditions, including the background laboratory noise, and low frequency and reference noises at the same equivalent continuous A-weighted sound levels of 50 dB. Earlier study showed that sound pressure levels normally occurring in industrial control rooms remained within the range of 48-66 dB(A) 23 . Thus, an SPL of 50 dB(A) corresponded with the lower limit of the measured levels. Moreover, it was 15 dB lower than the currently admissible level established in Poland to ensure suitable working conditions for operators of control equipment in control booths, remote control rooms, etc. 24 The low frequency noise was of an artificial origin, thus its frequency spectrum differed from typical spectra of LFN in control rooms 23 . It had a tonal character with dominant components centred within 1/3-octave bands of 25, 31.5, 80 and 100 Hz. It is worth noting that the background noise also contained low frequency components from 10 Hz to 100 Hz. It has been usually assumed that the difference between C-and A-weighted sound pressure levels exceeding 15 dB indicates the occurrence of LFN 2 . This condition was satisfied in both low frequency and background noise conditions.
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To avoid learning effects each subject performed tests in only one exposure condition. Although non-preselected male volunteers took part in experiment, three sub-groups working in various exposure conditions did not differ according to age, education and most of temperament features. There were only differences in sensory sensitivity. Subjects from sub-group performing tasks in the background noise conditions achieved higher score in the questionnaire, i.e. showed higher capability to react to faint stimuli than others. Generally, no differences related to exposure conditions in test results were noted. Thus, no effects of LFN on performance compared to background and reference noises were found. However, some of the results from the Stroop Colour-Word Test and the Signal Detection Test were influenced by noise sensitivity. 
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Figure 6
Annoyance assessments of various exposure conditions during test session by persons with different sensitivity to noise -mean values adjusted for age, education and temperament features.
A significant main effect of sensitivity to noise was found for median reaction time of reading in the interference conditions and reading interference in the Stroop Colour-Word Test. Regardless of the exposure conditions, subjects classified as high-sensitive to noise had a higher value of reading interference and longer median reaction time in comparison with the low-sensitives.
In general, no differences related to noise sensitivity were found in the LFN. Whereas, during exposure to the reference noise poorer performance in subjects high-sensitive to noise compared to low-sensitives were observed in the case of mean detection time (in the Signal Detection Test) and reading interference (in the Stroop Colour-Word Test). On the other hand, in the background noise conditions differences related to noise sensitivity were found for some results from the Stroop Colour-Word Test (i.e. reading interference, median reaction time of reading in the interference conditions, number of errors of naming in the baseline and in the interference conditions).
The influence of noise sensitivity on performance during exposure to noise was shown in earlier studies. For example, Jelnikova 25 found that persons recognised as Number of reported complaints r = 0,36 r = 0,30 r = 0,32 r = 0,52 p < 0.001 p = 0,017 p = 0,010 p < 0.001 sensitive to noise had a reduced working ability and attention during exposure to recorded traffic noise at equivalent continuous A-weighted sound pressure level of 75 dB in comparison with persons tolerant to noise. Similarly, Bolejovic et al. 26 not only confirmed the influence of noise sensitivity on performance during exposure to traffic noise at 55 and 75 dB(A), but also found a relationship between noise sensitivity and subjective assessment of noise annoyance. Generally, the research data concerning the influence of LFN at dB(A) levels normally occurring in control rooms and office areas are sparse. For example, Persson et al. 14 found in a pilot study that 42 dB(A) LFN from a ventilation system could increase the response time in a verbal grammatical reasoning task in comparison with a ventilation noise at the same level, but without the low frequency components.
The next laboratory study, a continuation of the work performed in the pilot study quoted above, confirmed that LFN at relatively low A-weighted sound pressure levels (about 40 dB) could be perceived as annoying and adversely affecting the performance, particularly when mentally demanding tasks were executed, while the effects on the routine tasks were less clear. Moreover, persons classified as sensitive to LFN may be at the highest risk 15 .
In the quoted study, subjects categorised in terms of sensitivity to noise in general and to LFN in particular, performed a series of tasks involving different levels of mental processing (i.e. simple reaction-time task, short-term memory task and bulbtask, proof-reading task and verbal grammatical reasoning task) during exposure to ventilation noise of a low frequency character or a flat frequency (reference) noise, both at the same level of 40 dB(A). All performance task were carried out twice in each test sessions, once in phase A and once in phase B. Thus, the experiment had 2 noises × 2 phases × 2 sensitivity groups, but sensitivity to noise in general and to LFN in particular, was considered separately. The results showed that there was a large improvement of response time over time, during work with a verbal grammatical reasoning task in the reference noise, indicating a better learning effect in this noise condition in comparison with LFN. The results also showed that LFN interfered with a proof-reading task by lowering the number of marks made per line read. The persons reported a higher degree of annoyance and impaired working capacity during exposure to LFN. The effects were more pronounced for subjects classified as sensitive to LFN, whereas somewhat different results were found in subjects rated as sensitive to noise in general 15 .
In another study aimed at evaluating effects of moderate levels of LFN on attention, tiredness and motivation in a low demanding work situations, only subjects categorised as high-sensitive to LFN were enrolled. As previously, two ventilation noises at the same A-weighted sound pressure level of 45 dB were used, one of predominantly low frequency content and one with flat frequency spectrum. Subjects worked with six performance tasks. Most of them were of a monotonous and routine type. The major finding in that study was that LFN adversely affected performance in two tasks sensitive to reduced attention and in a proof-reading task. Performances of tasks aimed at evaluating motivation were not significantly influenced. Moreover, no significant difference between noise conditions was found in annoyance assessment 16 .
In this study, noise annoyance assessment was related both to exposure conditions and subjective sensitivity to noise. It is not surprising that, regardless of the noise sensitivity, the background noise annoyance was rated lowest. However, there was no difference between the annoyance assessment of low frequency and reference noises. The LFN annoyance was rated higher by subjects categorised as highsensitive to noise than low-sensitive. Whereas no significant differences related to noise sensitivity were noted in annoyance assessment in the background noise and reference noise conditions.
Regardless of the exposure conditions, the annoyance rating was correlated with the number of reported sensations and complaints related to conditions during the test session. It was not surprising that the majority of subjects did not report any sensations and complaints in the background noise conditions. But it is worth noting that during exposure to LFN, subjects complained most frequently of fatigue and drowsiness, especially as there are indications that LFN may intensify tiredness more easily than noise of higher frequencies 27, 28 .
To sum up, no effects due to LFN on mental performance compared to reference and background noise were found. Moreover, during exposure to LFN no significant differences in performance between higher and lower sensitive to noise subjects were noted. However, annoyance caused by LFN was rated higher by subjects highsensitive to noise.
As the experiment was carried out under laboratory conditions and betweensubject design was chosen, the relevance of the results for normal working conditions must be evaluated with care. Nevertheless, the study does not support the hypothesis that LFN at levels normally occurring in the control rooms (at about 50 dB(A)) may adversely influence human mental performance and lead to work impairment and hence is not in agreement with some previous studies. However, findings presented here do not exclude that such a noise might be perceived as annoying, especially by people particularly sensitive to noise.
Thus, it seems that studies on LFN effects on human mental performance should be continued, but more attention should be paid to evaluation of subjective sensitivity to this type of noise.
